Phototropism enables plants to orient growth towards the direction of the light and thereby maximizes photosynthesis in low-light environments. In angiosperms, bluelight photoreceptors called phototropins are primarily involved in sensing the direction of light. Phytochromes and cryptochromes (sensing red/far-red and blue light, respectively) also modulate asymmetric hypocotyl growth leading to phototropism.
phytochromes may also regulate growth towards the light via direct interaction 1 with the phototropins. 2 3 Phototropism: plant strategy for effective growth 4
When seeds germinate in darkness (buried in the ground), shoot growth orientation is 5 determined by gravity to allow seedlings to emerge from the soil. Upon reaching the 6 soil surface they use blue light to determine growth orientation. This response, termed 7 positive phototropism, optimizes light capture by the main photosynthetic organs 8 (leaves) and thereby has been proposed to maximize photosynthetic productivity and 9 growth [1,2]. Although phototropism is most frequently studied in etiolated seedlings, 10 phototropic growth is observed in different plant organs throughout their life cycle 11
(Box 1) (Figure 1). 12
Phototropism appeared early in the evolution of land plants and has been 13 described in numerous lineages, including mosses, ferns and angiosperms [3] . In 14 mosses and ferns, phototropism is triggered by both red and UV-A/blue light. In 15 flowering plants, the phototropic response is triggered primarily by blue light, 16 although red light has also been shown to enhance this process. The direction of blue 17 light is detected by UV-A/blue-light-sensing phototropins (phot) [4] . Efficient 18 phototropism also relies on light signaling mediated by the cryptochromes (cry) and 19 phytochromes [5] . Cryptochromes are blue/UV-A-absorbing photoreceptors 20 controlling circadian rhythms and plant developmental processes such as de-etiolation 21 (see Glossary) and induction of flowering [6] . Although phytochromes primarily 22 sense red/far-red light, they also absorb a significant amount of blue light [7] . 23
Phytochromes control numerous facets of the plant life cycle, often in conjunction 24 with the cryptochromes [8] . Both photoreceptor families modulate phot-mediated 25 dissociation of the LOV2-KD interaction, thereby activating phot protein kinase 1 activity [23, 25] . Upon returning to darkness the phototropins undergo rapid 2 regeneration to the photosensitive state [25] . 3
Blue-light excitation results in autophosphorylation of the photoreceptors 4
[26,27]; phosphorylation of some of those sites is essential to initiate phototropin-5 mediated signaling [28, 29] . Except for the photoreceptors themselves, only two phot 6 kinase targets, ABCB19 (ATP-BINDING CASSETTE B19) [15] and PKS4 7 (PHYTOCHROME KINASE SUBSTRATE 4) [30] , are known. In both cases, 8 phosphorylation has been proposed to lead to substrate inactivation. It has also been 9
suggested that some of the high-light-induced phot phosphorylation sites play an 10 inhibitory role [26] . 11
Phototropins are associated with the inner surface of the plasma membrane 12 involve many components and regulatory factors. In this review, we focus on the 2 function of proteins implicated in phototropism and involved in the crosstalk of 3 signaling pathways elicited by different photoreceptors (Table 1) . Extensive reviews 4 on phototropin signaling have been published recently [4, 36] . 5
In Arabidopsis, members of two protein families: NRL (NPH3/RPT2-Like) 6
and PKS (PHYTOCHROME KINASE SUBSTRATE) are believed to be involved in 7 the early steps of phot-mediated signaling pathways inducing phototropism. was initially proposed that phyA primarily acts in the cytosol to promote 4 phototropism [66]. This conclusion was based on the finding that a double mutant 5 strongly impaired in phyA nuclear import (fhy1 fhl) shows robust hypocotyl 6 phototropism, whereas in phyA, phototropic bending is reduced [66] . This issue was 7 re-evaluated by comparing the above-mentioned genotypes with seedlings expressing 8 a constitutively nuclear form of phyA, phytochrome A-nuclear localization signal 9
(phyA-NLS) [74] . Time-course analyses have shown that phototropism in the fhy fhl 10 double mutant is slow, whereas in phyA-NLS seedlings it is faster than in the wild 11 type [74]. This shows that nuclear phyA plays a primary role in controling 12 phototropism. Moreover, it suggests that one mechanism by which a red-light 13 pretreatment accelerates phototropism is to induce phyA nuclear import and phyA-14 regulated gene expression [74] . The greater phototropic response of the fhy1 fhl 15 double mutant compared with phyA could be due to at least two reasons. First, the 16 expression of phyA-regulated genes is still partially functional in the fhy1 fhl double 17 mutant, indicating that phyA nuclear signaling is not totally eliminated in this mutant 18
[74]. Second, phyA may play additional roles in the cytosol [66] . 19 20
Role of cytosolic phytochromes in mediating phototropism 21
Cytosolic phyA modulates the light-induced relocalization of phot1. Indeed, a red-22 light pretreatment inhibits the release of phot1 into the cytosol that occurs upon phot1 23 activation [35] . This red-light effect depends on phyA and is most efficient when it 24 occurs between 1 and 2 hours before turning on blue light. The functional significance 25 of phot1 relocalization is not settled yet, but if one assumes that release of phot1 into 1 the cytosol is a desensitization mechanism, the phyA-mediated maintenance of phot1 2 at the plasma membrane would enhance phototropism [35] . How does phyA control 3 phot1 localization? It is possible that phyA-mediated gene expression leads to the 4 production of a component modulating phot1 subcellular localization given that a red-5 light treatment is most effective when given 1-2 hours before phototropic stimulation. 6
Alternatively, the control of phot1 localization may involve direct contact between the 7 two classes of photoreceptors. The presence of hybrid phy-phot photoreceptors, 8 known as neochromes, in several species can be considered as an evolutionary 9 'Rosetta Stone', indicating the need for interaction between these two proteins [57, 75] . 10 This argument is supported by the interaction between phytochrome in its activated 11 state and phototropins at the plasma membrane in moss [58] . With the aid of a split 12 yellow fluorescent protein experiment, this study also demonstrated that Arabidopsis 13 phot1 and phyA bind to each other, suggesting that these photoreceptors also form a 14 complex in angiosperms [58] . Moreover, the crosstalk between gibberellic acid (GA) and IAA signaling pathways 23 also aids in coordinating the responses to light and gravity. Indeed, GA inhibits 24 gravitropism by controlling the expression of IAA genes, including IAA19. This GA-25 mediated control of gravitropism was proposed to enhance the phototropic potential 1
[85]. Another study has proposed a more direct role for GA in phototropism 2 modulation by showing that phytochromes and cryptochromes control GA levels and 3 signaling, thereby tuning tropic growth [5] . Based on the available data we can 4 conclude that phytochromes and cryptochromes promote phototropism at different 5 levels, including inhibition of gravitropism. 
